The structure of turbulent flow over non-flat surfaces is a topic of major interest in practical applications in both engineering and geophysical settings. A lot of work has been done in the fully rough regime at high Reynolds numbers where the effect on the outer layer turbulence structure and the resulting friction drag is well documented. It turns out that surface topology plays a significant role on the flow drag especially in the transitional roughness regime and therefore, hard to characterize. Survey of literature shows that roughness function depends on the interaction of roughness height, flow Reynolds number and topology shape. In addition, if the surface topology contains large enough scales then it can impact the outer layer dynamics and in turn modulate the total frictional force. Therefore, it is important to understand the mechanisms underlying drag increase from systematically varied surface undulations in order to better interpret quantifications based on mean statistics such as roughness function. In this study, we explore the mechanisms that modulate the turbulence structure over a two-dimensional (2D) sinusoidal wavy surface with a fixed amplitude, but varying slope. To accomplish this, we model the turbulent flow between two infinitely wide 2D wavy plates at a friction Reynolds number, Re τ = 180. We pursue two different but related flavors of analysis. The first one adopts a roughness characterization flavor o f s uch w avy s urfaces. T he s econd o ne f ocuses o n u nderstanding t he n on-equilibrium near surface turbulence structure and their impact on roughness characterization. Analysis of the different statistical quantifications show strong dependence on wave slope for the roughness function indicating drag increase due to enhanced turbulent stresses resulting from increased production of vertical velocity variance from the surface undulations.
Significant early attempts to answer some of the above questions were the work of Nikuradse [3] and the subsequent extension by Colebrook [4] to relate flow drag with roughness. Both these efforts classify roughness as hydraulically smooth, transitional or fully rough regimes depending on the relationship between drag and roughness scales. In the fully rough regime, drag is independent of the Reynolds number and depends only on the roughness scale whereas in the transitional regime both of these are important as per [3, 4] . These ideas are summarized in the popular Moody diagram [5] . A more generic quantification of roughness induced effects applicable across different classes of flows is the Hama roughness function [25] , ∆ u + which is commonly aligned with the classical view of rough wall turbulent boundary layers. Specifically, the classical view is that roughness influences the turbulence structure only up to a few roughness lengths from the mean surface location while the outer layer flow is unaffected except for a modulation in the velocity and length scales -a rough wall extension of Townsend's Reynolds number similarity hypothesis [26] . Therefore, this notion of 'wall similarity' [27] implies that shape of the mean velocity in the overlap and outer layers is unaffected (relative to a smooth wall) by the roughness. This phenomenology is mostly consistent with observations as per Jiménéz [16] , but exception do exist. Quantitatively, the roughness function represents the downward displacement in the mean velocity profile plotted in a semi-log scale indicative of the increased drag from the surface inhomogeneities. Combined with Townsend's wall similarity hypothesis, ∆ u + represents the shift in the intercept used to describe the logarithmic region of the mean velocity profile as
Log law for smooth wall
where, κ is the von Kármán constant, u + is the averaged streamwise velocity over a rough surface and 44 y + is the wall coordinate. Normalization is done using the inner layer variables such as friction velocity, 45 u τ and kinematic viscosity, ν expressed as u + = u u τ and y + = yu τ ν .
tensor and the different production mechanisms are modulated by the wavy surface undulations. In 126 section 4 we summarize the major findings from this study. 127
Numerical Methods

128
In this study, we adopt a customized in-house version of the Incompact3D [34] code framework to perform our DNS study. The dynamical system being solved is the incompressible Navier-Stokes equation for Newtonian flow described in a Cartesian co-ordinate system with x,y,z pointing to streamwise, vertical and spanwise directions respectively. The skew-symmetric vector form of the equations are given by Figure 1 . Illustration of 1D polynomial reconstruction based on Lagrangian polynomial. The solid black curve in (a) represents the fluid-solid interface, red triangular markers represents solid gridpoints where the reconstruction is performed using the fluid gridpoints shown as filled blue circular markers along with the target quantity on the interface marked as filled green circular marker. To retain stability the gridpoints represented as the empty blue circular markers just above the interface is ignored from the reconstruction computation. Dotted black rectangle shows the direction along which the 1D reconstruction is performed as the gridpoints under consideration is enclosed by this rectangle. In (b) a velocity curve is shown which has zero enforced value on the surface (at filled green circular marker). Using the values on the three gridpoints marked as filled blue circle, we extend the curve by computing values on the solid region (at red triangular markers).
boundary conditions are enforced while a uniform grid distribution is adopted. In wall normal direction, Table 1 . Tabulation of different design parameters for the simulations such as: wavelength (λ), amplitude (a) and steepness (ζ = 2a λ ) of the wavy surface, friction velocity (u τ ), Reynolds numbers (Re) based on boundary layer height (δ) and different velocities expressed as the subscripts ('cl'=centerline velocity, 'b'=bulk velocity, 'τ'=friction velocity) and the grid spacing in different directions ('∆x'=streamwise, '∆z'=spanwise, '∆y w '=wall normal near the wall, '∆y cl '=wall normal near the flow centerline). Superscript '+' refers to inner scaled quantity (scaled with respect to dynamic viscosity (ν) and friction velocity (u τ )). Figure 2 . Schematic illustration of the cartesian grid with the immersed boundaries of different shapes in (a) and a close-up of the buffer region in (b). The solid thick curve represents the wave for λ = 4π and the dashed line for λ = 8π 3 . A similar setup is used for other surface shapes as well.
Convergence of Turbulence Statistics
183
In order to quantify the convergence of the simulation and ensure statistical stationarity of the turbulence, we consider the streamwise component of the inner scaled mean spatial and temporally averaged horizontal stress that includes both the mean viscous and Reynolds stress components as
x,z,t . Here x,z,t represents the averaging operation with subscripts denoting averaging directions. In the limit of statistically stationary and horizontally homogeneous turbulence, τ H,x (y) can be approximated to a linear profile, 1 − y δ as derived from the mean momentum conservation equations. We estimate a residual convergence error Res as
whose variation with y/δ is shown in figure 3. We note that this error is sufficiently small for the flat channel (ζ = 0) with magnitudes approaching 185 0.01 near the surface and much smaller in the outer layers. The plot also shows similar quantifications for 186 wavy channel turbulence data with large residual errors near the surface. This is not surprising given that 187 closer to the wall, the turbulence structure is known to deviate from equilibrium due to deviations from 188 horizontal homogeneity. In fact, such deviations from equilibrium phenomenology will be expounded the mean horizontal stress approaches equilibrium values as an indicator of stationarity. 
Results
208
The primary goal of this study is two-fold: (i) to explore the non-equilibrium, near-surface The analysis can be realized using both instantaneous as well as averaged turbulence structure. In 220 this article we focus on the streamwise-averaged or more commonly known as the 'double-averaged' 221 turbulence structure which is a function of solely the wall normal distance. The term 'double-averaging' 222 refers to the combination of averaging along homogeneous (z, t) and inhomogeneous (x) directions. For 223 the spatial averaging we include both streamwise (x) and spanwise (z) spatial directions and for the 224 temporal (t) averaging we include 2500 three-dimensional snapshots over 20 flow through times for the 225 chosen friction Reynolds number. We use the notation u x,z,t to specify a quantity u being averaged another set of double-averaged mean statistics. Both these approaches implicitly approximate the terrain 243 as nearly flat with a large radius of curvature in a local sense and therefore, nearly homogeneous. This 244 approximation works well when a δ << 1. In our study a δ = 0.07 which is an order of magnitude larger than 245 the typical viscous length scale, L v = ν/u τ = 1/Re τ ≈ 0.0055, but smaller than the log layer (y + ≈ 50) 246 with strong inertial dynamics.
247
For the mean velocity results presented in this section, we compare both the averaging approaches to 248 illustrate their closeness to each other. Specifically, we use thick solid lines to denote the mean profiles Three vertical straight lines correspond to the different a + for ζ > 0 (see Table 1 ).
Outer Layer Similarity and Mean Velocity Profiles
254
As the mean channel height (for wavy geometry) is kept constant across all the different steepness, ζ, 255 the observed changes in the mean statistics are only due to surface effects and not the outer layer dynamics. fixed mass flow rate (bulk Reynolds number). This would naturally result in higher centerline velocities 262 and Re cl as seen in Table 1 in In particular, the vertical velocity is asymmetric with respect to the symmetric wavy shape as seen 
278
In spite of these near surface deviations, the dynamics outside the roughness sublayer tend to be 279 similar when normalized and shifted appropriately. To illustrate this outer layer similarity, we show the A related quantification often employed to interpret near wall structure is the non-dimensional mean 297 streamwise velocity gradient, Φ = κy u τ d u x,z,t dy whose variation with inner-scaled wall normal distance is 298 shown in figure 8(b) . It is easy to see that γ = Φ/κ. We observe that the Φ profiles for different ζ mimic the 299 characteristic equilibrium structure starting from zero at the wall followed by a peak at the edge of viscous 300 layer and subsequently, a gradual decrease in the buffer layer to a value of one in the inertial sublayer.
301
This clearly indicates outer layer similarity. In fact, there exists an overall shape similarity in Φ hinting at 302 the potential for universality if only the appropriate scales at the different regimes can be identified.
303
The origin of the 'overshoot' or near-surface peak is well known and is related to the inconsistency 304 from normalization of the mean gradient using inertial scale variables closer to the surface (viscous layer) 305 where the physically relevant characteristic length scale is L v = ν/u τ . With some analysis, one can easily 306 show that Φ undergoes a linear growth as Φ = κy/L v near the surface (L v being a constant). In the buffer 307 layer, one can similarly formulate Φ = κy/L bl with L bl increasing super linearly with y to cause the peak followed by a decrease as one approaches the inertial sublayer. In the inertial layer, Φ = κy/L il with L il varying linearly with y as per law of the wall (resulting in Φ and γ assuming constant values).
310
In this context, we see that as the friction velocity, u τ increases with ζ (see Table 1 ), the viscous length 311 scale, L v decreases resulting in faster growth of Φ = κy/L v in the viscous layer, but over a smaller height 312 that scales with L v . This is consistent with figures 8(a) and 8(b) which show that the magnitude of the 313 peak at the viscous-buffer layer transition decreases with increase in ζ. In addition, we observe an upward 314 (rightward) shift in the log region (i.e. region of nearly constant Φ and γ) with ζ. Taken together, the 315 above observations, namely the upward shift in the log region ( figure 8(a) ) and the smaller peak in Φ with 316 increase in ζ, indicate that the buffer layer becomes increasingly thicker for steeper waves. The 'buffer layer' 317 is known as a region of high turbulence production [40] where both the viscous and Reynolds stresses 318 are significant. Therefore, the expansion of the buffer layer with ζ is a consequence of the turbulence 319 production zone expanding due to the wavy surface. This is evident from figure 9 where the decay in 320 turbulence kinetic energy (TKE) production is slower for higher ζ in the buffer region (y + ≈ 10 − 50) in 321 both inner-scaled (figure 9(a)) and dimensional (figure 9(b)) forms. We expect this trend to be even stronger In our studies, a + ≈ 13 for the different ζ (see Table 1 ) and 326 only modulates the buffer layer. A related observation is that the vertical location of the inner scaled 327 peak turbulence production (y + ≈ 12) does not change with ζ, but the magnitude decreases. This is not A common way to assess the influence of the wavy surface on turbulence structure is to quantify the effective drag and its influences on the flow structure. While the increase in friction velocity for a fixed Re b (apparent from Table 1) is a natural way to quantify the increased drag, estimating the downward shift in the mean streamwise velocity profile (figure 6(a)) is another approach and often used to characterize the effective roughness scales. It is well known that the logarithmic region in the equilibrium flat channel turbulent boundary layer (TBL) is given by
where the additive constant B is typically estimated to fall within the range, ≈ 5.0 − 6.0 and depends on the details of the buffer and viscous layer for a given simulation or measurement. The flat channel data in the current work provides an estimate of ≈ 5.6, possibly due to a combination of the friction Reynolds number regime and simulation algorithm. In the presence of surface undulations of scale a, we observed from the earlier discussion that the log region underwent a upward shift due to an expanding buffer layer.
As per [13,16,25], the influence of these buffer layer modulations on the log layer shift is characterized in terms of a modified logarithmic profile for rough-wall turbulent boundary layers (TBLs),
where ∆ u + x,z,t is defined as the roughness function. The roughness function, ∆ u + x,z,t can be related to the characteristic "equivalent" sand grain roughness, k s as
and the characteristic roughness length, k 0 as
It is easily seen that k 0 = k s e −8.5κ . While k s and k 0 are used to quantify the non-equilibrium 'roughness' The 'waviness' regime implies a surface that is very different from a Nikuradse roughness dominated 356 by form drag caused by flow separation and vortical re-circulation zones within the roughness sublayer.
357
Therefore, strong waviness causes the drag (as estimated by the roughness function ∆ u + x,z,t ) to be smaller The horizontal flow stress directly impacts the flow drag through the boundary layer and in turn the 383 mean velocity profiles discussed above. The viscous flow stress τ V acting on a fluid particle is described 384 including both spanwise and streamwise components as
. Similarly, the Reynolds stress is given by
without overbars denoting their magnitudes.
388 Figure 12(a) shows the inner-scaled double-averaged horizontal stress magnitude, τ H felt by a fluid 389 particle. We further split this into the inner-scaled viscous and turbulent parts, τ V and τ V respectively as 390 shown in figures 12(b) and 12(c). In the viscous layer, the total stress is dominated by the viscous stress The decrease in magnitude of the inner-scaled viscous stress with ζ in the viscous and lower buffer 400 layers is a consequence of the normalization using the averaged wall stress, u 2 τ which increases with wave 401 steepness. We observe that the mean τ V is relatively unaffected, but its contribution to the total drag 402 decreases with increase in ζ. In general, the mean streamwise flow near the wall slows down due to the presence of wave-like undulations (see figure 6(a)) which in turn reduces its gradient in the wall normal direction. This reduction in the average viscous stress is compensated by the non-zero vertical velocity 405 and its variation along the streamwise and vertical direction. This explains why the net double-averaged 406 (i.e. both temporally and spatially averaged) dimensional viscous stress sees very little increase in the 407 viscous layer as seen from the dimensional stress profiles in figure 12 (e). This observation clearly indicates 408 that the increase in net wall stress (u 2 τ ) with ζ has its origins in the increase of Reynolds stress in the 409 buffer-log layer transition as seen in figure 12 (f) which is reflected in the total mean stress variation as 410 well ( figure 12(d) ). Given that the non-dimensional roughness scale, a + ≈ 13 corresponds to the buffer 411 layer, it is not surprising that the buffer layer shoulders much of the effect of increasing wave steepness.
412
However, the mechanism underlying increase in the peak double-averaged Reynolds stress with ζ will 413 invariably depend on the structure of the attached (or detached) shear layers in the vicinity of the wavy 414 surface resulting in a coupling between the viscous shear layers and buffer layer turbulence production.
415
The nature of this coupling will be further explored in the future. Of course, when the shears layers are 416 detached as in a separated flow, the interactions could entail very different characteristics. x,z,t , the inner-scaled spanwise variance, w 2 + x,z,t also shows stronger growth (see near the surface as evidenced by the production terms in the variance transport equation (not shown here) 516 being nearly zero throughout the boundary layer due to d w z,t /dx = d w z,t /dy = 0. In spite of the 517 quasi-two-dimensional wavy surfaces employed here, the above trends will breakdown in the presence 518 of strong separation that can introduce three-dimensional flow patterns. As part of an ongoing research 519 study we are exploring higher values of ζ to verify the above statement. x,z,t for the different ζ. Note that the individual peak values were too close to each other to be shown separately.
In the absence of three-dimensional flow (both forced by a three-dimensional surface and induced by 521 separation over a two-dimensional surface), the location of peak w 2 +
x,z,t shows no clear monotonic trend 522 although a consistent downward shift is observed for ζ > 0. This can be attributed to either the small 523 amounts of separation observed in these flows (see figure 5 ) or due to conversion of the vertical variance 524 produced from the surface undulation through the pressure-strain term. We expect the latter to be the 525 likely mechanism although no quantification is provided work to support this hypothesis. As one would The mean inner scaled turbulent kinetic energy, TKE + , displays the cumulative effect of the individual 532 variances as shown in figure 13(d) . In particular, we observe an exaggerated upward shift (note the 533 horizontal lines in figure 13(d) ) in the location of peak k + in the buffer layer. This is caused by the combined 534 effects of the upward shift in u 2 +
x,z,t along with the downward shifts in both v 2 +
x,z,t and w 2 +
x,z,t .
535
Beyond the peak, the different curves nearly collapse in the outer layer although in the inertial logarithmic 536 region, TKE + shows consistently higher values for the wavy turbulence cases due to systematically higher 537 v 2 and w 2 for ζ > 0. the wavelike undulation on the turbulence structure. As discussed earlier, the location of the peak in 545 u v + x,z,t (at y + ≈ 32) shows very little variation with no clear trend, but its magnitude increases with ζ. 546 The peak location in u v + x,z,t falls roughly between the peak values of u 2 + x,z,t and v 2 + x,z,t as shown The logarithmic velocity profile corresponding to the law of the wall for turbulent boundary layers is given by
where, A is the intercept. Nikuradse [3] generated correlations for this intercept as a function of roughness Reynolds number, k + = ku τ ν as A nik = f (k + ). For hydraulically smooth regime this correlation is A nik,smooth = 5.5 + 5.75log 10 k + ; for 0 ≤ log 10 k + ≤ 0.55.
The transitionally rough regime is further divided into three regions and different correlations were proposed as follows A nik = 6.59 + 3.5log 10 k + ; for 0.55 ≤ log 10 k + ≤ 0.85 (A3a)
A nik = 9.58; for 0.85 ≤ log 10 k + ≤ 1.15 (A3b)
A nik = 11.5 − 1.62log 10 k + ; for 1.15 ≤ log 10 k + ≤ 1.83 (A3c)
For fully rough regime the intercept is a constant:
A nik,rough = 8.48; for log 10 k + ≥ 1.83.
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Using these correlations, the mean roughness function can be expressed as:
Colebrook's Correlation 616 Colebrook [4] proposed an alternative relationship for the entire roughness Reynolds number regime given by
k + being the normalized equivalent roughness height. The asymptotic behavior in the fully rough limit is then written as:
with κ = 0.4.
